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DESCRIPTION 

Fabrication Process for Hermetically Scaled Ghamber in Substrate 
TECHNICAL FIELD 

This invention relates in general to integrated microelectronic devices and 
relates more particularly to devices having a simplified construction especially adapted 
for use in displays and to amplified methods of fabricating such microelectronic 
devices, including methods for fabricating a hermetically sealed chamber in a substrate. 
BACKGROUND OF THE INVENTION 

Field-emission displays arc considered an attractive alternative and replacement 
for liquid-crystal displays, because of their lower manufacturing cost and lower 
complexity, lower power consumption, higher brightness, and unproved range of 
vicv/ing angles. Microelectronic field-emission devices more gencraKy are rIso 
attractive alternatives to semiconductor devices for many appiicatlons, being cau.nblc of 
high performance and bemg capable of fabrication fi-om a wide range of materials with 
less stringent controls of material purity, but with fabrication processes and equipment 

Microelearonics - 1992," in Journal of Micromechanics and Microengineering, Vol. 2, 
No. 2 (June 1992). An article by Katherine Derbyshire, "Beyond AMLCDs: Field 
Emission Displays?" in Solid State Technology, Vol 37 No. 1 1 (Nov. 1994) pages 55- 
65, summarized fabrication methods and principles of operation of some of the 
competmg designs for field-emission devices and discussed some applications of field- 
emission devices to flat-panel displays. The theory of cold field emission of electrons 
firom metals is discussed in many textbooks and monographs, including the monograph 
by R. O. Jenkins and W. G. Trodden, "Electron and Ion Emission From Solids" (Dover 
Publications, Inc., New York, NY, 1965), Chaptw 4. 

NOTATIONS AND NOMENCLATURE 

The terms emitter and cathode are used interdiangeably throughout this 
spedfication to mean a field-emission cathode. The tOTn "control electrode" is used 
herein to denote an electrode that is analogous in fiinction to the control grid in a 
vacuum-tube triode. Such dectrodes have also been called "gates" in the fidd- 
emission device related art literature. Ohmic contact is used herein to denote an 
dectrical contact that is non-rectifying. Phosphor is used in this spedfication to mean 
a material characterized by cathodohmrinescence. In descriptions of phosphors, a 
conventional notation is used i\1ierein the chemical formula for a host or matrix 
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compound is given first, foUowed by a colon and the formula for an activator (an 
impurity that activates the host crystal to hmunesce), as in ZnS: Mn, where zinc sulfide 
is the host and manganese is the activator. 

DESaOPTION OF THE RELATED ART 

; NGcroelectronic devices using field emisaon of electrons fi-om cold-cathode 

emitters have been developed for various purposes to exploit their many advantages 
including high-speed switching, insenativity to temperature variations and radiation, 
low power consumption, etc. Most of the nucroelectronic field-enrisaon devices in the 
related art have had emitters which point orthogonally to the substrate, generally away 

0 fi-om the substrate, but sometimes toward the substrate. Examples of this type of 
device are shown, for example, in U.S. Pat. No. 3.789,471 by Spindt et al., U.S. Pat. 
No. 4,721,885 by Brodie, U.S. Pat. No. 5,127,990 by Pribat et al., U.S. Pat. Nos. 
5,141,459 and 5,203,731 by Zimmerman, and in the above-mentioned article by 
Derbvshire. In ?iich ^Iructure:^, the anode is t^xical-y a U—\^"}-c.:X ^^ceplrte rn:".llcl :o 

5 the substrate and carrying a phosphor which produces the display's light output by 
cathodoluminescence. A few cold-cathode microelectronic devices have had field 

■:t r; V:jr "V; ;^ y^} \:v l.-yi'^^K: . U.S. Pat. Tr. -1,-27^ ■ l.'-:: . ' ^ 

Pat. Nos. 5,233,263 and 3,30b,439 by Cronni et al. The icwni;ioiO£y iaieial nu-- 
10 emission" and "lateral cathode" or ''lateral emitter" of the latter two patents by Cronin 
et al. will be adopted herein to refer to a structure In which the field emitter tip or 
blade edge points in a lateral direction, i.e. substantially parallel to the substrate. In 
such lateral cathode structures of the prior art the anode is oriented substantially 
orthogonally to the substrate and to the emitter (as in U.S. Pat. Nos. 5,233,263 and 
25 5,308,439 by Cronin et al.), or is coplanar with the emitter (as in U.S. Pat. No. 
4,827,177 by Lee et al.), or requires a transparent substrate (as in U.S. Pat. No. 
4,728,851 by Lambe). Some device structures and fabrication processes using lateral 
cathode configurations have been found to have (Hstinct advantages, such as extremely 
fine cathode edges or tips and precise control of the inter-dement dunenaons, 
30 alignments, capadtances, and of the required bias voltages. 


3 

PROBLEMS SOLVED BY THE INVENTION 

If lateral field-emission devices are used m a display cell with phosphor-coated 
anodes, a number of problems occur. In some of the prior art structures, the 
cathodohmiinescence occurs only at a very narrow re^on at an edge of the anode 
facing the lateral emitter. In others the light knitted firom the phosphor can be 
obscured by opaque dectrodes or absorbed m the phosphor layer itself or in a 
faceplate. In some prior art structures very high anode voltages must be used. For 
low voltage electron field-emission device display elements (e.g. with anode potentials 
of less than about 10 volts with respect to the emitter), the actual electron penetration 
into the phosphor is on the order of 1 nanometer. Therefore, in displays using prior art 
lateral electron field-emission device display elements, the light emission due to 
cathodohuninescence occurs along the edge of the phosphor facing the emitter 
element. Furthermore, other electron field-emission displays such as the Spindt type 
(described in the patent by Spindt et ?l and in the r€\'iev/ article by H. H. xktz^r ?.it?.d 
;:cre'" --Vovc) NpicRlly crSi t:x V; -horphor surface :v:;:c:i r ; 'r: v-K;.- 

surface facing the observer. 

The device structure described herein has a lateral eiectrcn emitter situated a 


area of the phosphor element than with other iateral eiectroii iicld-errussion devio- 
display elements. Hence, with this new structure, the light is emitted in direct view of 
the observer and is not attenuated by passing through the phosphor as is the case with 
prior art structures. Also, the light is generated over a larger portion of the cell area 
than in prior art structures. The prior art descriptions of lateral-emitter field-emission 
display elements do not show how to provide a bias vohage contact to the phosphor of 
such an anode element. The new structure described herein has a metal anode contact 
atuated below the phosphor ("buried") and also may have means for connecting to that 
buried contact fi-om the surface for applying electrical bias. In particular, the simplified 
structure may be fabricated within a hermetically sealed chamber in the substrate. 

While the lateral-emitter type of construction has the distinct advantages 
described above, those latCTal-emitter fidd-enussion devices heretofore available 
having the most precise control of inter-element dimaiaons and alignment have been 
somewhat expensive to fabricate because of the relatively large number of materials 
and process steps used. Those process steps have inchjded steps usmg conformal 
layers of sacrificial materials needed to form spacers that define some of the 
dimensions. The present uivention dimmates some of the materials and process steps 
needed for febrication, thus redudng fabrication time and cost and also providing a 
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Amplified anode structure, while retaining the advantages of lateral cathod 
construction and inherently automatic alignment of the lateral cathode type of design. 
This simpler structure and simpler, less expenave fabrication are eflFective both for 
field-eCFect devices having phosphor anodes used for display elements and for field- 
5 effect devices without phosphor. Thus the present invention solves several problems 
existing in the prior art. 

PURPOSES, OBJECTS, AND ADVANTAGES OF THE INVENTION 

An important object of the invention is providing a display with improved light 
emission from each cell of the display. A related object is a field-emission device 

10 structure specially adapted for use in a display cell. Anotiier related object is a field- 
emission display which allows light enutted from a phosphor to be mmed more directly 
toward the viewer of the display. Another related object is a field-emission display cell 
structure in which the light emission area occupies a larger portion of the cell area than 
1- n-ic- ar^ d-vices of the lateral-emitter type. A;ic;:ier ol ;cc^ oi±i invention b z 

15 riicialuzatioii smcture that allows the oihcr ieaiiii-cs ir-iid /amd^es o; aii i.:iprcv-j':. 
lateral-emitter field-emission display device to be realized. A particular object is an 
oroch C'Ccmcd contact structure that coi- not ob?c"rc nr^y poilion of:: r^-^'-^'^" 

20 ceil anode sii-ucture ihat provides improved perfomiancc v/ilr; coulonibic aging cf the 
phosphor thereby being reduced or eliminated. Another particular object is a display 
' cell simplified by having a control electrode corJiguration that may be made with a 
single metallization step. An overall object of the invention is an improved display 
which nevertheless retains all the known advantages of lateral-emitter field-emission 
25 devices, including the following: extremely fine cathode edges or tips; exact control of 
the cathode-to-anode distance (to reduce device operating vokage and to reduce 
device-to-device variability); exact control of the cathode-to-control-electrode distance 
(to control the control-electrode-to-cathode overlap, and thereby control the mter- 
electrode capacitances and more predsely control the reqmred bias voltage); inherent 
30 alignment of the control-electrode and cathode structures; self-alignment of the anode 
structure to the control-electrode and cathode and improved layout denaty. Another 
object of the invention related to retaiiung known advantages of lateral-enutter field- 
emission devices is the agnificant deagn flexibility provided by an integrated structure 
wtech reduces the number of interconnections between dewces, thus redudng costs 
35 and increaang device reHability and performance. Another important object of the 
uivention is a process uang odsdng miCTodectronic fabrication techmques and 
apparatus for making integrated lateral-emitter field-emission display device cell 
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structures whh economical yield and with precise control and reprodudbility of device 
dimenaons and alignments. A major object of the mvention is a simplified anode 
structure for lateral-emitter fidd-raission devices. Anotho- major object of the 
invention is a febrication process \^ch eliminates some masks otherwise needed for 
5 fabrication of a self-aligned lateral-emitter fidd-eraission device, thus reducing 
fabrication time and cost. 

SUMMARY OF THE INVENTION 

In one aspect of the invention, a field-emission device is made with a lat^ 
emitter substantially paraDd to a substrate and with a simplified anode structure. The 
10 lateral-emitter fidd-emission device has a thin-fibn emitter cathode which has a 

thickness of not more than several hundred angstroms and has an emitting blade edge 
or tip having a small radius of curvature. The simplified anode device may also have 
one or more control electrodes. The anode's top surface is precisely spaced apart fi-om 

The device may be configured as a diode, or as a triode, tetrode, etc. ha\dng one or 


20 


emitter edge or tip and automaiicaliy aligned to that edge. The simplified devices ar 
specially adapted for use in arrays, including field-eniission display arrays. 


In another aspect of the invention, a novd fabrication process using process 
steps similar to those of semiconductor integrated circuit fabrication is used to produce 
the novel devices and their arrays. Various embodiments of the fabrication process 

25 allow the use of conductive or insulating substrates and allow fabrication of devices 
having various fiinctions and complexity. The anode is simply fabricated, without the 
use of prior art processes which formed a spacer made by a conformal coating. In a 
preferred fabrication process for the simplified anode device, the following steps are 
perfomed: an anode fihn is deposited; an insulator fihn is depoated over the anode 

30 fihn; an uhra-thm conductive anitter fihn is deposited over the insulator and patterned; 
a trendi opening is etched through the emitter and insulator, stopping at the anode 
fihn, thus formmg and automatically aligning an emitting edge of the emitter, and 
means are provided for applying an dectrical bias to the emitter and anode, suflSdent 
to cause field emission of dectrons fi-om the emitting edge of the emittw to the anode. 

35 The anode film m^ comprise a phosphor for a device specially adapted for use m a 
field-emission display. The febrication process may also inchide steps to deposit 
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additional insulator films and to deposit additional conductive films for control 
electrodes, which are automatically aligned with the emitter blade edge or tip. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 shows a plan view of a portion of a preferred array embodiment of field- 
5 enussion devices made in accordance with the mvention. 

Fig. 2 shows a side elevation cross-sectional view of an embodiment of a single 
field-emission device made in accordance with the invention. 

Fig. 3 shows a side elevation cross-sectional view of an alternate embodiment 
of a single field-emission device. 

10 Figs. 4a and 4b together show a flow diagram of an embodiment of a 

f?.bncr-t]orf rrccefs perfcmed in accordance \v'*h the indention. 


corresponding to results of the process steps of Figs. 4a and 4b. 


emission devices made in accordance with the iiivemioiL ia llie siniple array oi n^. i, 
each held-eoiission device shares an anode v.^iui at leAst ci:e oiher d^^vicc, cac:. 
anode is shared by two or more devices. Some of the emitters in Fig. I are also shared 
by two devices. This sharing of elements between devices is not necessary for use or 
20 operation of the invention, but it is sometimes useful in designing and fabricating arrays 
with higher density (in terms of the number of devices per unit area). The basic 
features of devices made in accordance with the invention may be clearly understood 
by considering the single device of Fig. 2. 

Fig. 2 shows a dde elevation cross-sectional view of an mbodiment of a single 
25 field-emission device made in accordance with tiie invention. The field-emission 

device, denoted generally by 10, is made on a flat substrate 20. A layer of insulator 30 
has a top major surfece, which defines a reference plane 40 convenient for description 
of other elements. A layer of conductive material 50 may be used as a buried contact 
layer. It should be noted that conductive layer 50 may lie on Hit reference plane, as 
30 shown m Rg. 2, or may be made by depoating conductive laya- 50 into recesses 

fomed in insulator 30 and by planarizing the resulting sur&ce. In the latter case the 
top surface of conductive layer 50 Bes in reference plane 40. A layer of insulator 60 is 


10 


25 
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made on the referojce plane 40, covering conductive layer 50. A conductive layer 
paraDd to plane 40 serves as an anode 70. As will become apparent from a reading of 
the remainder of this specification and the appended claims, the preferred fabrication 
process described hmsn bdow automatically places thetop surfece of anode 70 below 
the plane of lateral emitter 100. For embodiments such as that of Fig. 2, in which 
some devices have independent anodes, the anodes of adjacent devices are separated 
and insulated from each otha- by regions of an insulator 80. At the left side of Fig. 2, a 
small portion of the anode 70 of an adjacent device is shown to the left of msulator 80; 
that portion is not mvolved in the structure or operation of the single device of the 
present description. An insulating layer 90 of predetermined thickness is made parallel 
to the substrate. An ultra-thin conductive layer which forms an emitter layer 100 is 
also made paralld to the substrate and patt^ned, thus forming a lateral emitter. A 
cx)nductive contact 120 may connect emitter layer 100 to buried contact layer 50. If 
the device is to have a control dectrode 140 above emitter 100, then two additional 


herein below), an opening 150 is provided by cruploying a directional elch. That 
rr'^nir-T.: cxt?:p.dn tiTCi'.E;!- 'J^ t^'r. ir-v'''". '■^^->r.(^•--^'^.-- -.^^-iv..- ^ r-.-..^ i, 


The blad? edge or tip HO ha? a vcr^' smal! rariiu^ of cur^2tur- liiniied bv haif ihe 
thickness cfthe ultra-thin !:itfrsl-eniittcr bver J 00. rrcferrer* ^h^rynzs'^rr -^rl^.^_l 
emitter film 100 are less than about 300 angstroms, which hmit the radius of curvature 
cf lateral-emitter blade edge or tip to be less than about 1 50 angstroms. Those skilled 
in the art will recognize that the radius of curvature is a significant factor in producing 
an electric field at tip 110 sufficient to cause cold-cathode field emission at a low 
applied bias voltage, and that the radius of curvature may be somewhat less than half 
of the fitai thickness. Anothw factor significant in determining the electric field 
effective in causing fidd emission is the (predetermined) thickness of insulator fihn 90. 
30 ITie degree of fihn thickness control in conventional semiconductor integrated 
processing is suflScient to control the thickness of msulator fihn 90 to the desired 
precision. Devices made in accordance with the present invention may be operated at 
applied bias voltages of 10 to 50 volts or even less. In the preferred embodiment of 
Fig. 2, anode 70 extends at least partially under lateral emitter 100. That is, anode 70 
35 extends beyond the vmical plane through emitting edge 110 defined by the side wall of 
opening 160. 


It should be noted that conductive connections to the various dectrodes of the 
device may be made in a conventional manner, and are therefore not shown in the 
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drawings. These conductive connections may be made, for example, by vertical studs 
that lie outside the plane of the side elevation cross-section view of Fig. 2. For 
example, a conductive stud may extend from ttrutter 100 and/or buried contact layer 
50 to a surface conductive pad to which the emitter bias voltage may be applied. A 

5 similar conductive connection, electrically isolated from the emitter connection, may be 
made to anode 70, for application of the anode bias voltage. Similarly, conductive 
connections are needed to apply control signals to control electrode(s) 140 if the 
device is a triode or tetrode, etc. having such control electrodes. The arrangement just 
described may also be reversed, in the sense that the emitter connection may be made 

10 directly to a surface pad, and buried contact layer 50 may be used for anode contacts. 
Of course, for field emission of electrons to occur, the polarity of applied bias voltages 
must be such that the anode is positive with respect to the emitter. Various devices 
made on the same substrate need not have identical physical arrangements of 
conductive connections. Some devices may have buried anode contacts, while other 


devicfT h to be connected to an anode of another device. Wi^^ !:vch f^r'ngcnents, 


Fig. 3 shows a side elevation cross-sect ionai view of an alternate embodiment 
of a single rield-emission device maae in accordance witii ihc invenacn. I he iaierai- 
emitter field-emission device of Fig. 3 is a diode device, without a control electrode. 
The anode of the device shown in Fig. 3, denoted generally by 70, includes a phosphor 

25 layer 75, which is a part of anode 70. If the anode phosphor is conductive, the entire 
anode 70 may consist of phosphor. The anode 70 of Fig. 3 is shown with a separately 
identified phosphor film 75 to iUustrate an alternative embodiment. The device of Fig. 
3 also differs fi-om Fig. 2 in that anode 70 does not extend beneath emitting blade edge 
or tip 110 of lateral emitter 100. Another way of describing the alternative structure 

30 shown in Fig. 3 is that opening 160, the sidewall of which defines the vertical plane 
containing emitting edge 110 of lateral emitter 100, extends beyond the horizontal 
extent of anode 70. Howcvct the vertical extent of opening 160 is stiU detemuned by 
the &ct that opening 160 extends v^caUy only to the top surfece of anode 70 (which 
in this embodiment is the top surface of phosphor fitai 75). The mimmum vertical 

35 extent of opening 160 in the device of Fig. 3 is the sum of the predetermined thickness 
of insulator layer 90 and the predetermined tKckness of lateral emitter 100. The field- 
emission device may be made with a plurality of anodes 70 (not shown in the 
drawings). A usefid example of such a structure has three anodes per emitter, with a 
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diflFerent phoq)hor color of eadi anode. A particularly useful combination is a three- 
anode device with red, green, and bhie phosphors for an RGB display. 

Operable and prefmed materials for the various structural elements of the 
lateral-emittCT field-effect device with simplified anode are described herein below in 
connection with an exposition of a novel and preferred fabrication process. 

A novd fabrication process udng process steps similar to those used in 
semiconductor integrated circuit fabrication may be used to produce the devices and 
their arrays in accordance with the invention. Various embodiments of the fabrication 
process allow the use of conductive or insulating substrates and allow febrication of 
devices having various fimctions and complexity. A notable feature of all the 
fabrication process embodiments described herein is that the anode is simply formed 
without the use of a spacer employed in some prior art processes. (In those prior art 
processes, a spacer was formed by a sacrificial ccnforrr.a! coating.) 


5d, in which the san-e or simliar process steps and the device side elevation cross- 
^iC'T't^onf:) views r-f re^!?^^^ corrcJiroridiTif? *o thrso F*c:p^ fire hn*r orrntrd Hv ■ nc "n'^'-^* 
step references SI, S2, S18. A simple overall process outline for fabrication of a 
diode device is described first, followed by a description of the detailed process which 
is depicted in Figs. 4a and 4b and which is further illustrated by the corresponding 
results of Figs. 5a and 5b. Table I lists the process steps shown in Figs. 4a and 4b. 

In a simple fabrication process for a diode Seld-emission device with simplified 
anode, the following steps are performed: an anode fibn 70 is deposited (S7); an 
msulator fihn 90 is deposited (S8) over the anode fihn; an ultra-thin conductive emitter 
fihn 100 is depoated (S12) over the msulator and patterned; a trench opening 160 is 
etched (S15) through the knitter and insulator, stopping at the anode fihn, thus 
forming and automatically aligning an emitting edge 110 of the emitter, and means are 
provided (S18) for applying an electrical bias to the emitter and anode; suflBdent to 
cause fidd emission of electrons from the emitting edge 110 of the emitter 100 to the 
anode 70. The anode fihn 70 dq)osited m step S7 may comprise a phosphor film 75 
for a device spedally adapted for use in a field-emisson display. The phosphor may be 
any cathodohimmescent material, and may be selected on the bads of its conducti\dty 
and/or the color of its luminescence. 
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51 Provide substrate 

52 Deposit insulating layer 

53 Pattern and etch recesses 

54 Deposit conductive material in recesses to form buried contact layer 

55 Planarize 

56 Deposit insulating layer 

o7 Deposit conductive hy^v to a predetermined thickness 
Deoosit cop.dT^ctive h^m to fcrni controt electrode hpscr 

Dl\ Provide ccnductive ccntacts to buned coatact kiycr 

51 2 Deposit and pattern uitra-thin emitter layer 

513 Deposit insulating layer to a predetermined thickness 

SI 4 Deposit and pattern control electrode layer if any 

S15 Provide openmg down to anode top surface 

SI 6 Open contact holes to emitter, control electrode (if any) and anode 
contact 

517 Deposit metal contacts 

518 Provide means for applying suitable bias and agnal voltage(s) 
Table 1. List of fabrication process steps shown in Figs. 4a and 4b. 
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A fabrication process for a triode, tetrode, etc. device may also include steps to 
depoat additional insulator films 130 and to deposit additional conductive films 140 
for control dectrodes, whidi have acontrol electrode edge 150 automatically aligned 
with the emitter blade edge or tip 110. In the following detailed process description, 
these additional steps are mchided as "optional" steps, to be perfonned only if control 
electrodes are to be inchjded in a particular device structure. It will be apparent to one 
skilled in the ar. that the detailed process of Figs. 4a and 4b, illustrated by the results ' 
of Rgs. 5a and 5b, may be modified to fabricate simpler devices by omitting particular 
process steps as appropriate. Other variations in technique and m the order of process 
steps will also be apparent to one skilled in the art. 

A detailed description of a preferred process for fabricating the field-emission 
devices now proceeds, with reference to Figs. 4a, 4b, 5a, and 5b. 

To fabricate a triodf- device with one or two control electrodes, the process 

SIX '-^:5::b nay be a r^ilicon ^va^e^. An ins;i]:^ti:ir! kver 30 i? cepc^i^^^d '""O - 
snb: rrete. Th;? 'nsy ho. dnne, ^br exninp:*., by ;?-^wbif? a fiini of r^ilicon oy'd':: 


ci :o.ce£ses is defined and cidicc; (iiep :^S; i:-.to ihc c^urriu.;: uiij.c .... 
hytr. In step S4, metal is deposited in the recesses to form a buried contact layf:r 50, 
wiiich is then planarized (step S6). While tiiis is aescribed here £s a iiieial dcpw^^iu^-i, 
the conductive material deposited in step S4 may be a metal such as aluminum, 
tungsten, titanium, etc., or may be a transparent conductor such as tin oxide, indium tin 
oxide etc. (For applications using a common emitter for all devices made on a 
substrate, the substrate may be conductive and perform the function of a buried emitter 
contact. For such applications, steps S2, S3, S4, and S5 may be omitted, although a 
step similar to step S2 may be required to insulate a control electrode if any from the 
substrate.) An insulating layer 60 is deposited (step S6). This may be a chemical 
vapor deposition of silicon oxide to a thickness of about 0. 1 to 2 micrometers, for 
example. 

A conductive layer is deposited (step S7) to a predetermined thickness and 
patterned to form an anode laya- 70. If anode 70 is not required to be 
cathodohnninescent in orda- to fiinction as a light source, then the conductive anode 
layer 70 deposited in step S7 may be a metal fihn or another conductive fflm such as 
indhmi oxide or mdium tin oxide QJO). If the device is to be used in a light-emitting 
application, sudi as a diqplay, the conductive layer may be a conductive phosphor 75 
or may be a composite layw comprising a conductive material with a thin film of 
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phosphor 75 on its top surface. Suitable phosphors inchide zinc oxide(ZnO). zinc 
sulfide (ZnS) and marv oth» compounds. Some other suitable phosphors are 
ZnO:Zn; -Sn02:Eu; ZnGa204:Mn; La202S:Tb; Y202S:Eu; LaOBrTb; 
ZnS:Ztt^In203; ZnS:Cu,AH-In203; (ZnCd)S:Aefln203; and ZnS:Mtt+In203. 
Still other suitable phosphor materials are described, for example, in the chapter by 
Takashi Hase et al. 'Thosphor Materials for Cathode Ray Tubes" in "Advances in 
Electronics and Electron Physics" Vol. 79 (Academic Press, San Diego, CA, 1990), 
pages 271-373, which reference also uses the conventional phosphor notation used 
here. If the application requires anode layer 70 to be patterned, that patterning may be 
done by subprocesses that are conventional in semiconductor fabrication practice, 
using lithography and etching to pattern the layer. In particular, anode layer 70 may be 
formed and patterned by a process analogous to steps S3, S4, and S5. 

In the nort step (S8), an insulating layer 90 is deposited to a precisely 
predetermined thickness. This predetermined thickness of insulating layer 90 is quite 


5" r:.- dr-r-,,- 


,i ' beiu^w ihe emiuer iayer lOt). (Sucii a .'.xiiiroi eleaio;lc iaycr i;. c-i;Owii ,:>. rig. w... 
tlien omitted from Fig. 5b to illustrate the option without a lov.'er control cleclrorfe 
iayer.) if needed, a conductive control electrode layer 140 is depcsiied and patiei ned 
in step S9. In step SIO an insulating layer 130 of a predetenmned thickness is 
deposited over conductive control electrode layer 140 to insulate it and to provide a 
!5 flat insulating surface parallel to the substrate for the next step. Whether or not steps 
S9 and SI 0 are performed, a planar insulating surface is provided. 

This description of a fabrication process continues with reference to Fig. 4b 
and Fig. 5b, respecUvely showing the remaining fabrication steps and the 
corresponding side cross sectional \itws of the device. In step Sll, conductive 
30 contacts 120 are provided to the buried contact layer 50, by opening suitable contact 
holes and depositing conductive material in them (forming "studs") to noake ohmic 
contact with buried contact layer 50. In step S12, an ukra-thin emitter layer 100 is 
depoated and pattwned. Preferred materials for conductive lateral-emitter l^er 100 
are titanium, tungsten, tantahim, molybdemim, or their alloys such as titanium-tungsten 
35 alloy. However, many othw conductors m:^ be used, such as aluminum, gold, ahw, 
copper, copper-doped aluminum, platinum, palladhun, polycrystalline alicon, etc. or 
transparent thin-fihn conductors such as tin oxide or indium tin oxide (TFO). It is very 
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desirable to use a mateial with a low work fiinction for electron emission. In this 
respect, preferred materials have work functions less than three electron volts, and 
even more preferred materials have work functions of less than one electron volt. The 
deposition in step S12 is controUed to form a fihn preferably of about 100 - 300 
angstroms thickness in order to have an anitter blade edge or tip 1 10 in the final 
structure that has a radius of curvature preferably less than 1 50 Angstroms and more 
preferably less than 50 Sngstroms. To fabricate the preferred embodiment of Fig. 2, 
patterning of latwal emitter 100 is done so that lateral emitter 100 extends over at least 
a portion of anode 70. An insulator 130 is deposited (step S13) over the emitter layer. 
Again this may be a chemical vapor deposition of silicon oxide to a thickness of about 
0.1 to 2 micrometers, for example. If there are to be two control electrodes and if 
symmetry with respect to the plane of emitter layer 100 is desired, then this insulator 
layer 130 should be made the same thickness as the msulator layer 130 deposited in 
step SIO. If a control electrode 140 is to be incorporated, a conductive material is 
deposited and r^Htferned f?teo SN) to form the upper rontrr^! -J-r-nr;. i.vcr UO 


In step S15, an opening is prc-/ided through all the layers lying ever anode 70, 
down tc the top si:nace cf ^incde layer 70. This opening h paiic/.icd :o iiiicrsc,: at 
least some portions of emitter layer 50 (and of control electrode layers 140 if any), to 
define emitting edge 110 of emitter layer 100 (and to define edge 150 of control 
electrode layer 140 if any). This step is performed by using conventional directional 
etching processes such as reactive ion etching sometimes called "trench etching" in the 
semiconductor fabrication literature. To fabricate the preferred embodiment of Fig. 2, 
step S15 is performed while leaving at least a portion of insulator 90 remaining and 
covering at least a portion of anode 70. 

In step S16, contact holes are opened to emitter, control electrode, and anode 
if needed. Metal contacts are deposited where needed in step S17. Alternatively, this 
part of the process (steps S16 and S17) may be performed after step S13 or S14 but 
before S15. It that case, the sequence of process steps would be as foDows: S13, S14 
Of used), S16, S17, and then S15. It should be noted that for some display 
applications (such as so-caDed "heads-up" displays), it is desirable to form the device 
structure using substantially transparent materials for aD the fflms. With the operable 
and preferred thicknesses of the films in the present invention, such transparent fihns 
may be made if desired. 
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In step S18, means are provided for applying suitable electrical bias voltages, 
and (for devices incorporating control electrodes) siutable agnal voltages. Such means 
may include, for example, contact pads selectively provided at the device top surface 
to make electrical contact, and optionally may include wire bonds, means for tape 
automated bonding, flip-chip or C4 bonding, etc. In use of the dewce, of course, 
conventional power supplies and signal sources must be provided to supply the 
appropriate bias voltages and control agnals. These will include providmg sufScient 
voltage amplitude of the correct polarity (anode poative) to cause cold-cathode field 
enussion of electron cuiroit from emitter edge 110 to anode 70. If deared, a 
passivation layer may be applied to the device top surface, except where there are 
conductive contact studs and/or contact pads needed to make dectrical contacts. This 
completes the description of the detailed process illustrated in Figs. 4a, 4b, 5a and 5b. 

If it is desired to have the field-emission cell operating wth a vacuum or a low 
pressure inert gas in opemng 160, it is necessary to enclose that space or ca^ty. This 
can be done by a process similar to that described in the anonymous publication 


cf the ca-.-ity spaced away from the emitter edge area. The opcr,;-!.; fcr t:-c main cnv^y 
and the connccl-jd nuxiliar^ opuiiing sre both Hilcd 'smro-nrny '.•■■■h ?. -rcrificd^ 
organic material, such as parylene, and then planarized. An inorganic insulator is 
deposited, extending over the entire device surface including over the sacrificial 
material, to enclose the cavity. A hole is made in the inorganic insulator by reactive 
ion etching only over tiie auxiliary opening. The sacrificial organic material is removed 
fi-om within the cavity by a plasma etch, such as an oxygen plasma etch, which 
operates through the hole. The atmosphere surrounding the device is then removed to 
evacuate the csmxy. If an inert gas filler is desired, then that gas is introduced at the 
desired pressure. Thai the hole and auxihaiy opemng are immediately fiHed by 
sputter-depoMting an inorganic material to plug the hole. If introduction of a gettering 
material is deared, the hole-phigging step may conast of two or more substeps; viz. 
depoating a quantity of getter material, and then depoating an inorgamc insulator to 
complete tiie phig. The phig of inorganic insulator seals the cavity and retains eitiier 
tiie vacuum or any inert gas introduced. The gettering material, if used, is chosoj to 
getter any undeared gases, such as oxygen or gases containing sulfiir, for example. 
Some suitable getter materials are Ca, Ba. Tx, alloys of Th, etc. or otiier conventional 
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getter materials known in the art of vacuum tube construction. This process for 
retaining vacuum or gas atmospheres is not ilhistrated in Rgs. 4a, 4b. 5a, and 5b. 

It win be appreciated by those skilled in the art that integrated arrays of field- 
CTiission devices, such as the array of Fig. 1, may be made by simuhaneously 
performing each step of the fabrication process described h^ein for a muWpBcity of 
field-emission devices on the same substrate, vMe providing various interconnections 
among them. An integrated array of field-emission devices made in accordance with 
the present invention has each device made as described herein, and the devices are 
arranged as cells containing at least one emitter and at least one anode per cell. The 
cells are arranged along rows and columns, with the anodes interconnected along the 
colunms for example, and the emitters interconnected along the rows. 

INDUSTRIAL APPLICABILITY 

There are many diverse uses for the hermetically sealed chamber, device 


hi%\\t:i bntihtasss, ^nd improved range of vievvi^^^ ^ngUi. Dir^plays r- 
witi; !he prsFcnt invention are also expected to in ne^v anDiicationp svrh 

displays for virtual reality systems. In embodiments using substantially transparent 
substrates and films, displays incorporating the structures of the present invention are 
especially useful for augmented-reality displays. 

Other embodiments of the invention will be apparent to those skilled in the art 
from a consideration of this specification or from practice of the invention disclosed 
herein. For example the order of process steps may be varied to some extent for 
various purposes; improved lithographic patterning, deposition, etching, or other 
process techniques may be used; fimctionally equivalent materials may be substituted 
for the particular materials used in the embodunents described herein; preferred 
dunensions may be varied; and other modifications may be made to adapt the device to 
various usages and conditions. The hermetically sealed chamber may be used to 
enclose and protect various microelectronic devices other than field-emission devices. 
It is intended that the specification and examples be conadered as exemplary only, with 
the true scope and spirit of the invention bring defined by the following claims. 


Havmg described my invention, I claim; 
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CLAIMS 

1 A process for forming an evacuated chamber in a substrate having an upper surface, 
comprising the steps of: 

(a) prodding a first opening in said upper surface of the substrate, said opemng 
having a first predetermined depth and a predetermined volume, to form a main 
ca^ty; 

(b) providing a second opening, communicating with said first opening provided in 
step (a), said second opening having a second predetermined depth; 

(c) temporarily filling both smd first and second openings with a sacrificial first 
material; 

(d) planarizing said sacrificial first material to form a planar surface; 

(e) disposing a second material over said upper surface of the substrate and said 
Dlanar surface to form a chamber ceiling; 


(h) removing any atmosphere surroundmg and within said chamber formed in step 

(i) introducing a gettering material into said third opening; and 

(j) then immediately introducing a third material into said second and third 
openings, wWIe plugging said third opening and while sealing said third 
material to said second material, thereby enclosing said evacuated chamber. 

2. A process as recited in claim 1, wherein said first-opening-providing step (a) is 
performed by directionally etching said upper surface of the substrata 

3. A process as redted in claim 1. wherein smd first-opening-providing step (a) is 
performed by reactive ion etchmg of said upper surface of the substrate. 

4. A process as recited in claim 1, wherdn said second-opemng-provi(fing step (b) is 
performed by controlling said second predetermined depth to be less than said first 
predetenmned depth of said first opemng. 

5. A process as redted in clann 1, vrfierdn said temporarily-filling step (c) is 
performed by depositing an organic material as said sacrifidal first material. 
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6. A process as redted in claim 1, wherdn said temporarily.filling step (c) is 
p^ormed by depositing paiylene as said sacrifidal first material 

7. A proc^ as redted in claim 1, wherein said second-material-disposing step (e) is 
performed by disposing an inorganic material. 

8. A process as redted in claim 1, wherein said sacrifidal-first-material-removmg step 
(g) is perfonned by isotropicaDy etching said sacrifidal first material. 

9. A process as redted in darni 1, wherein said sacrifidal-first-material-removing step 
(g) is performed by etching said sacrifidal first material with oxygen plasma. 

10. A process as redted in claim i, wherein said third-material-introducing step (j) is 
performed by sputter-depositing said third material. 

1 1. A process as redted in claim 1, wherein said third-material-introdudng step Q) is 
performed by sputter-depositing an inorganic material. 

12. A process as redted in daim 1, wherein said gettering-material-introdudng step (i) 


oxygen and materials suitable for gettering gases containing sulfur. 

14. A process as recited in daim 1, wherdn said gettering-material-introdudng step (i) 

comprises introducing a material seiected from the list consisting of Ca, Ba, Ti, 
alloys of Th, and compounds, mixtures, and solutions thereof. 

15. A process for forming a gas-filled chamber in a substrate having an upper surface, 
comprising the steps of: 

(a) providing a first opening in said upper surface of the substrate, said opening 
having a first predetermined depth and a predetermined volume, to form a main 
cavity; 

(b) providing a second opening, communicating with said first opening provided 
in step (a), said second opening having a second predetermined depth; 

(c) temporarily filling both said first and second openings with a sacrificial first 
matCTial; 

(d) planarizing said sacrifidal first matwial to form a planar surface; 

(e) disposing a second material over said upper sur&ce of the substrate and said 
planar surface to form a chamber ceiling 
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(f) providing a third opening in said chamber ceiling only over said second 
opening; 

(g) removing said sacrificial first material fi-om beneath said chambCT cdling 
through said third opening to form a chamber, 

(h) removing any atmosphere surrounding and within said chamber formed in step 
(g) to evacuate sM chamber, 

(i) introducing said gas at a desired pressure into the chamber, 

0) introducing a gettering material into said third opening, and 

(k) then immediately introducing a third material into said second and third 
openings, while plugging said tMrd opening and while sealing said third 
material to said second material, thereby enclosing said gas-filled chamber. 

16. A process as recited in cl^m 15, wherein said gas-introducing step (i) is 
performed by introducing an inert gas. 


19. A process as recited in claim 15, wherein said second-opening-providing step (b) 
is performed by controlling said second predetermined depth to be less than said 

20 first predetermined depth of said first opening. 

20. A process as recited in claim 15, wherein said temporarily-filling step (c) is 
performed by depositing an organic material as said sacrificial first material 

21. A process as recited in claim 15, wherein said temporarily-filling step (c) is 
performed by depositing parylene as said saciificial first material. 

25 22. A process as recited in claim 1 5, wherein said second-material-disposing step (e) is 
performed by disposing an inorganic material. 

23. A process as redted in claim 15, wherdn said sacrificial-first-material-removing 
step (g) is performed by isotropically etching said sacrificial first material. 

24. A process as recited in claim 15, wherdn mi sacrifidal-first-nxaterial-removing 
30 step (g) is performed by etching said sacrificial first material with oxygen plasma. 

25. A process as recited m claim 15, wherein said third-material-introdudng step Q) is 
performed by sputter-depositing said third material. 
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26. A process as recited in claim 15, wherein said third-mat wial-introducing step Q) is 
performed by sputter-depositing an inorganic material. 

27. A process as redted in claim 15, wha^ein said gettering-material-mtroducing step 
(i) comprises introdudng an inorganic getting material into at least said third 
opening. 

28. A process as redted in claim 15, wherein said gettering-material-introducing step 
0) comprises introdudng a material selected from materials suitable for gettering 
oxygen and materials suitable for gettering gases containing sulfur. 

29. A process as redted in claim 15. wherdn said gettering-material-introducing step 
(i) comprises introdudng a material selected from the list consisting of Ca, Ba, Ti, 
alloys of Th, and compounds, mixtures, and solutions thereof 
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